Agricultural productivity is affected by air temperature and CO 2 concentration. The relationships among grain yields of dry season irrigated rice (Boro) varieties (BRRI dhan28, BRRI dhan29 and BRRI dhan58) with increased temperatures and CO 2 concentrations were investigated for futuristic crop management in six regions of Bangladesh using CERES-Rice model (DSSATv4.6). Maximum and minimum temperature increase rates considered were 0˚C, +1˚C, +2˚C, +3˚C and +4˚C and CO 2 concentrations were ambient (380), 421, 538, 670 and 936 ppm. At ambient temperature and CO 2 concentration, attainable grain yields varied from 6506 to 8076 kg·ha −1 depending on rice varieties. In general, grain yield reduction would be the highest (13% -23%) if temperature rises by 4˚C and growth duration reduction would be 23 -33 days. Grain yield reductions with 1˚C, 2˚C and 3˚C rise in temperature are likely to be compensated by increased CO 2 levels of 421, 538 and 670 ppm, respectively. In future, the highest reduction in grain yield and growth duration would be in cooler region and the least in warmer saline region of the country. Appropriate adaptive techniques like shifting in planting dates, water and nitrogen fertilizer management would be needed to overcome climate change impacts on rice production.
Introduction
Bangladesh is a deltaic small country in South Asia with the 13th highest world population density and the population would be 202 million by 2050 [1] . All suitable lands are under cultivation, which is decreasing due to increasing demand for residential and industrial uses [2] . Besides, Bangladesh either enjoys food self-sufficiency or scarcity depending on natural calamities that are increasing in recent times [3] [4] [5] . Climate change associated sea level rise is expected to increase the risk for flooding and salinization of agricultural lands, especially near the southern coast [6] [7] . Increase of global mean surface temperatures for 2081-2100 relative to 1986-2005 is projected to be in the range of 0.3˚C to 4.8˚C depending on different Representative Concentrate Pathways [8] .
Such changes will also be found in Bangladesh where average day temperature increase is likely to be 2.0˚C to 4.0˚C by 2100 [8] .
Throughout the last 150 years, atmospheric CO 2 concentration has increased from 280 ppmv to 385 ppmv in 2008 (https://www.esrl.noaa.gov/gmd/ccgg/trends/) due to widespread human activities such as fossil fuel burning, cement production, and modified land-use patterns [9] [10] . At the current rate of atmospheric CO 2 increase it will be double before 2100 causing dramatic effects on global and regional-scale climate. Rainfall has become increasingly variable and has demonstrated an uneven distribution. This erratic pattern produces extreme events, such as floods and drought, which have shown noticeable adverse effects on rice yields [11] [12] . As a result, rice production is likely to decline by 8% -17% by 2050 [13] [14] .
Crop agriculture in Bangladesh is dominated by rice monoculture. Almost 80% of the total cropped area is planted with rice in different seasons, which accounts for more than 90% of total grain production [15] [16] . Among the rice growing seasons, dry season rice (Boro) contributed more than 53% of the total rice production in Bangladesh [15] . Food security is synonymous to rice security in Bangladesh. So, there is a crucial need to assess effects of climate change on rice productivity and economic growth of this country.
Some studies have recently investigated the economic effects of climate change on agricultural production in developing countries [17] - [23] . Although these studies showed susceptibility of crop agriculture to climate change, but the limited literatures on these are available for Bangladesh [24] [25] [26] [27] [28] .
Ali [26] has discussed the influence of climate change by considering cyclones, storm surges, coastal erosion and backwater effects and reported large land losses in eastern part of Bangladesh because of beach erosion. Rashid & Islam [28] identified droughts, floods, soil salinity and cyclones as the major extreme climatic events that have affected agricultural production adversely. The CERES-Rice model and the DSSAT model was used to study the influence of higher air temperature and higher atmospheric CO 2 concentration on rice yield [29] [30] [31] with old varieties that are not found in the field now a day. Moreover, future climate change scenario delineation has been changed also. There- 
Materials and Methods

Site Characterization
The study was conducted in six locations across the country of Bangladesh having diverse soil and weather conditions. The study locations were Gazipur 
Model Inputs Parameters
Selected input data used for CERES-Rice model are shown in Table 1 .
Weather Data
Weather data for the study regions were collected from the Bangladesh Meteorological Department (BMD) for the period of 1981-2015. Base year daily average (to minimize unusual phenomenon) of maximum and minimum temperatures, rainfall and sunshine hours were calculated and created two successive Table 2 ). The terms "lower limit" and "drained upper limit" correspond to the permanent wilting point and field capacity, respectively [35] . To simulate potential rice yield CERES-Rice v4.6 was used. This mechanistic model simulates crop growth and development processes, net photosynthesis based on radiation use efficiency, leaf area index, extinction coefficient and light absorption by the canopy [40] . The model can also simulate the effect of CO 2 on photosynthesis and water use based on stomatal conductivity [41] .
Crop Parameters
Yield Simulations
Potential yields of BRRI dhan28, BRRI dhan29 and BRRI dhan58, the most popular varieties in dry season of Bangladesh, were simulated. Genetic coefficients used for those varieties are provided in Table 3 . The coefficients were de- 
Selection of Scenarios for Model Applications
In future, the rise in temperature is likely to be 2˚C to 4˚C by 2100 in South Asia including Bangladesh [8] . So, the CERES-Rice model was applied for normal (no temperature rise) and 1˚C, 2˚C, 3˚C and 4˚C rise over normal weather condition. 
Results and Discussion
Grain Yields
Grain yields of selected rice varieties varied among regions mainly due to climatic variability and soil properties. In general, the highest potential grain yield was found in Rangpur and the lowest in Barisal region irrespective of varieties. 
Weather Data and Its Extremes
Long-term (1981-2015) monthly mean weather data showed that mean maximum temperature varied from 23.0˚C to 36.1˚C for all the study regions. The Climatic extreme events like five years' total number of cold spell duration were in decreasing trends in most of the regions, except a slight deviation in Rangpur and Rajshahi areas (Table 4) , where cold spell was decreasing in 1996-2000 and then in increasing trend. Five years total number of warm spell duration was in increasing trends in most cases except in Rangpur region (Table   4 ). Since trend in warm spell is increasing, Boro rice crop might be exposed to unusual temperature in future and thus reduced production is most likely. Boro rice starts its journey in cooler and drier conditions and continue grow up to vegetative. Its flowering, ripening and harvesting stages are exposed to hot summer weather. So, Boro rice faces winter extreme cool and warm spells in its growing periods. Initially crop growth is hampered because of cold spell, but temperature is increasing in most regions and if temperature goes beyond 35˚C during heading and flowering stages, sterility increased resulting in reduced grain yield. Generally, any temperature below 20˚C and above 30˚C cause yield reduction in rice [45] . Horie et al. [46] also reported that as the average temperature increases above 22˚C -23˚C, rice yield declined linearly up to 30˚C and decline sharply thereafter. The initial linear decrease was due to the shorter crop duration caused by increased temperature and the sharp decline after 30˚C was because of spikelet sterility from high temperature damage.
Effect of CO2 and Temperature on Yield
Grain yields decreased with increase in temperatures at 380, 421, 538, 670 and 936 ppm CO 2 levels; although it improved with increasing CO 2 levels for a specific temperature rise (Figures 3-5 ). Increase in grain yields were 2.6% -2.8%
for RCPs 2. cates that rice production will be in decreasing trends in future if climate smart practices are not adopted. Grain yield reduction rates were higher with short and medium growth duration rice varieties compared to long duration BRRI dhan29.
Among the study studied regions, grain yield reductions were the lowest (0.7% - was minimum (0.4% -3%) because of temperature rise up to 2˚C. This part of the country generally enjoys cooler environment for a longer period in winter season and thus predicted temperature increase by 2˚C might not be hazardous for Boro rice production in future.
Grain yield reduction as predicted through the use of ORYZA1 and INFOCROP rice models with 1˚C increase in temperature was 7.20% and 6.66%, respectively at 380 ppm CO 2 level [47] . Increased CO 2 concentration up to 700 ppm, however, showed 30.73% and 56.37% higher yield by ORYZA1 and INFOCROP crop model, respectively. When temperature was increased by about 4˚C above the ambient level, ORYZA1 predicted yield reductions of 7.63%, 9.38% and 15.86%, respectively based on General Fluid Dynamics Laboratory (GFDL) Model, Goddard Institute of Space Studies (GISS) model and the United Kingdom Meteorological Office (UKMO) model; while INFOCROP predicted reductions of 9.02%, 11.30% and 21.35%. We have found less yield reduction than their findings. Moreover, IPCC [14] and BBS [48] estimated 8% -17% decline in rice production by 2050 in South Asian region which is similar to our findings. An increase in air CO 2 level generally increased crop yield because of stimulated photosynthetic processes and improved water use efficiency [49] . In general, the effect of increased temperature would be negative because of increasing respiration [50] and a shortened vegetative and grain filling period [46] . Although major rice models indicate about 5% yield reduction for every degree rise in mean temperature [51] and Dias et al. [52] estimated 25% -35% yield reduction in Sri Lanka using DSSAT. Basak et al. [31] and thus spikelet sterility and increased respiratory loss are most likely depending on growth stages of rice crops. Rice pollen viability and its production decline as daytime maximum temperature exceeds 33˚C and ceases beyond 40˚C [53] . In grain filling stage, kernel weight of rice decreases greatly below and above 24˚C temperature [54] . In the projected climate change scenarios, the maximum temperature at flowering stage of rice will be beyond the critical limit and thus reduction of rice yield is a must. To avoid this situation, shifting the sowing window of Boro rice and to develop cold and heat tolerant rice varieties may be the option for sustaining food security in Bangladesh. 
Effects of CO2 and Temperature on Growth Duration
In all studied regions, growth duration of rice varieties was not significantly influenced by CO 2 levels but it was reduced by 7.45, 7.49 and 7.88 days for BRRI dhan28, BRRI dhan29 and BRRI dhan58, respectively with every degree increase in temperature compared to ambient temperature ( Figure 6 and Table 5 ).
Mahmood [24] also reported 7 -8 days reduced growth duration of BR3 per 1˚C rise in temperature. Biswas et al. [55] reported that both growth duration and grain yield of rice reduces depending on planting time. The lowest growth duration reduction was predicted for Barisal and Rajshahi regions for all temperature levels ( Table 5 ). Since growth duration influences grain yield in most cases, reduced life span might be the cause of reduced yield in future. (Table 8) . Baker et al. [49] and Figueiredo et al. [56] also reported that yield reduction due to higher temperature can be compensated with increased CO 2 level. Horie et al. [57] reported that 100 μmol·mol −1 increased in CO 2 concentration gave 7% -8% greater rice yield in Japan, but 2˚C rise in temperature significantly reduced such beneficial effect. 
Conclusion
This study was conducted to determine the effect of increased daily maximum and minimum temperatures and elevated CO 2 levels using CERES-Rice model on grain yield and growth duration of dry season rice (Boro) at six representative locations across Bangladesh. Long-term normalized weather data were used to predict grain yields of those varieties under variable increased temperature and CO 2 levels. Temperature increase rate considered was 0, +1˚C, +2˚C, +3˚C irrespective of locations and varieties with an exception for BRRI dhan58, which has comparatively less growth duration reduction per degree temperature rise.
In the projected climate change scenarios, maximum temperature at flowering stage of rice might cross the critical limit and thus reduction in rice yield is ex-American Journal of Plant Sciences pected. To avoid this situation, shifting of sowing window for Boro rice and to develop cold and heat tolerant rice varieties would be the options for sustaining food security in Bangladesh and similar environments in other parts of the world.
